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The translesion synthesis (TLS) polymerases Pol{ and Rev1 form a
complex that enables replication of damaged DNA. The Rev7 subunit
of Pol¢, which is a multifaceted HORMA (Hop1, Rev7, Mad2) protein
with roles in TLS, DNA repair, and cell-cycle control, facilitates assem-
bly of this complex by binding Rev1 and the catalytic subunit of Pol¢,
Rev3. Rev7 interacts with Rev3 by a mechanism conserved among
HORMA proteins, whereby an open-to-closed transition locks the
ligand underneath the “safety belt” loop. Dimerization of HORMA
proteins promotes binding and release of this ligand, as exemplified
by the Rev7 homolog, Mad2. Here, we investigate the dimerization
of Rev7 when bound to the two Rev7-binding motifs (RBMs) in
Rev3 by combining in vitro analyses of Rev7 structure and interac-
tions with a functional assay in a Rev7~'~ cell line. We demonstrate
that Rev7 uses the conventional HORMA dimerization interface both
to form a homodimer when tethered by the two RBMs in Rev3 and
to heterodimerize with other HORMA domains, Mad2 and p31<°™t,
Structurally, the Rev7 dimer can bind only one copy of Rev1, reveal-
ing an unexpected Rev1/Pol¢ architecture. In cells, mutation of the
Rev7 dimer interface increases sensitivity to DNA damage. These re-
sults provide insights into the structure of the Rev1/Pol TLS assembly
and highlight the function of Rev7 homo- and heterodimerization.

DNA damage tolerance | translesion synthesis | protein-protein
interactions | protein structure | HORMA domain proteins

NA damage creates replication blocks leading to fork col-
lapse, double-strand breaks, and genomic rearrangements
(1, 2). To avert this scenario, specialized DNA polymerases (Y-
family Revl, Poln, Poli, and Polk and B-family Pol¢) help human
cells tolerate DNA damage by replicating opposite the lesions or
filling single-stranded gaps left after replication in a process called
“translesion synthesis” (TLS) (3-6). Revl/Pol¢-dependent TLS
occurs through a two-step mechanism in which one polymerase
(typically Poln, Poli, or Polk) inserts a nucleotide opposite the
lesion, while another polymerase (typically Pol() extends the dis-
torted primer terminus (7-10). During this process, TLS DNA
polymerases assemble into a multiprotein complex on the mono-
ubiquitinated sliding clamp, proliferating cell nuclear antigen
(PCNA) (11), with the aid of a scaffold protein, Revl (4, 5).
Pol{ acts as the “extender” TLS DNA polymerase due to its
proficiency in mismatched primer extension (7, 8), although it can
insert nucleotides across certain lesions (12, 13). The catalytic
subunit of Poll, Rev3, forms a complex with Rev7 (called
“Polt,”), although Polf is now known to function as a four-subunit
complex (called “Pol¢,”) composed of Rev3, Rev7, PolD2, and
PolD3 (Fig. 14) (14-18). PolD2 and PolD3 are subunits of the
replicative DNA polymerase Pols (19) but also enhance the effi-
ciency of Pol¢, relative to Poll, (14-18). Poll, is assembled by
protein—protein interactions, including those between the Rev7-
binding motifs (RBMs) of Rev3 and Rev7 (20-22), between the C-
terminal domain of Rev3 and PolD2 (16), and between PolD2 and
PolD3 (23). The activity of Pol, is coordinated with other TLS
polymerases through interactions of Rev7 and PolD3 with the
Revl C-terminal (Revl-CT) and Revl polymerase-associated
(Revl-PAD) domains (Fig. 14) (24-31).

www.pnas.org/cgi/doi/10.1073/pnas.1801149115

Besides TLS, Pol( participates in the repair of DNA in-
terstrand cross-links (32) and replication of “fragile-site” regions
and non-B DNA structures (33, 34), while the individual subunits
also act in other pathways. Rev7 (MAD2L2) regulates the
metaphase-to-anaphase transition by sequestering CDHI, thus
preventing premature activation of the anaphase-promoting
complex/cyclostome (APC/C) (35). In addition, Rev7’s in vitro
interactions with the spindle assembly checkpoint (SAC) protein
Mad2 (36) and its interactions and colocalization with Ras-
related nuclear GTPase (37) are consistent with a role in cell-
cycle regulation. Rev7 also contributes to pathway choice for the
repair of double-strand breaks (38, 39).

Rev7 belongs to the HORMA (Hopl, Rev7, Mad2) domain
family (21, 40) whose members act as interaction modules in
several cellular pathways (41). Structurally, HORMA domain
proteins consist of a p-sheet flanked by three o-helices and a
“safety-belt” region that can adopt two distinct conformations
(open and closed) (42-45). The interaction between Rev7 and
the Rev3'®7718% peptide (below called “Rev3-RBM17) (21)
occurs by a mechanism conserved among HORMA domains
in which the safety-belt loop closes around a partner protein
(Fig. 1B). This mechanism is best characterized (46) for the
interaction of a related HORMA protein, Mad2, with a peptide
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motif from the SAC proteins Madl or Cdc20 (42-44), whereby,
upon binding, Mad2 converts from the open to the closed state
(42-44). In the case of Mad2, this conformational change is in-
duced by dimerization (46). Notably, although two copies of
Mad2 are held in immediate proximity by Madl, the Mad2
homodimer can form only between open and closed monomers
(47) or between the two closed apo-monomers (48) but not be-
tween two ligand-bound closed Mad2 monomers even if they are
tethered together (46-48). In turn, disassembly of the Mad2/
Mad1 complex involves active opening of Mad2 by the AAA+
ATPase TRIP13 aided by Mad2 heterodimerization with an-
other HORMA protein, p31°°™" (MAD2L1BP) (49-53). Taken
together, these studies suggest that homo- and heterodimeriza-
tion mediates the formation and disassembly of HORMA do-
main complexes by the safety-belt mechanism. Accordingly,
Rev7 also forms a homodimer (20) as well as a heterodimer with
Mad2 (36), although these structures are not available. Instead,
most studies on Rev7 used a dimer-breaking mutation, R124A,
to induce a monomeric state (20, 21, 27-29).

The role of Rev7 dimerization remained unexplored until its
relevance was underscored by a study that identified a second
RBM on Rev3 (within residues 1974-2025, referred to as
“RBM2”), which is in proximity to Rev3-RBMI1 (Rev3!#7-18%)
(Fig. 1 A and C) (22). This finding poses questions about the
consequences of Rev7 dimerization for the assembly and function
of the TLS machinery, given the role of Rev7 as an interaction
module. (i) How many copies of Rev7 are present in human Pol(?
(if) If both Rev3-RBMs can bind Rev7 simultaneously, can the
two copies of Rev7 form a dimer within Pol¢ [considering that the
two bound closed Mad2 do not form a dimer (46)]? (iii) If the two
Rev3-bound Rev7s can form a dimer, is it still competent to in-
teract with the known Rev7 partners Revl-CT and Revl-PAD?
(#v) If the Rev7 dimer can interact with these domains from Revl,
how many copies of Revl can bind Pol{, considering that
Revl also functions as a scaffold? (v) What is the role of
Rev7 dimerization in the response to DNA damage?

To answer these questions, we have taken an in vitro bio-
physical and biochemical approach combined with a functional
assay in a Rev7~'~ cell line. This study provides evidence that
Rev7 can form a Rev3-tethered homodimer within Pol¢ while
retaining interaction with Revl as well as heterodimers with

E8192 | www.pnas.org/cgi/doi/10.1073/pnas.1801149115

11877/
V1993
L1878/
11994
P1880/ Fig. 1. Components of the Rev1/Pol(, complex. (A)
P1996 The four subunits of TLS DNA polymerase Pol¢ (Up-
per, in box) and the TLS DNA polymerase Rev1
(Lower). (B) Structure comparison of Rev7R124A
P1884/A2000 complexes with the two RBMs of Rev3: Rev3-RBM1
(gray; PDB ID code 3ABD) (21) and Rev3-RBM2
P1885/P2001

(green/orange, PDB ID code 6BC8) (this work). (C)
Sequence alignment of the two Rev3-RBM motifs
(20, 22). (D) Close-up of the Rev3-RBM1 (gray) and
Rev3-RBM2 (orange) interaction interfaces with
Rev7R'2%A (green).

other HORMA domains through the conserved homodimeriza-
tion interface. Our functional assay in a Rev7~'~ cell line dem-
onstrates that Rev7 homo- or heterodimerization is necessary for
the function of Rev7 that promotes DNA damage resistance.
Overall, this work provides insights into the interactions that
assemble the TLS machinery and highlights the role of
Rev7 dimerization in mediating the response to DNA damage.

Results

Crystal Structure of Rev7®'2*A/Rev3-RBM2 Confirms a Second Rev7-
Binding Site on Rev3. Following previous reports identifying a
second RBM in the Rev3 subunit of Pol{ (Fig. 1 4 and C) (22)
and showing Rev7 and other HORMA domain proteins tend to
form dimers (20, 36, 4749, 54), we set out to determine the
consequences of Rev7 dimerization on the structure and function
of the Revl/Pol{ complex. First, given its significance for this
study, we confirmed the second RBM in Rev3 (RBM2) (22) by
solving a crystal structure of the Rev781?*4/Rev3-RBM2 complex
[Protein Data Bank (PDB) ID code 6BDS] (Fig. 1B, green/orange
and SI Appendix, Table S1). Similar to previous studies, we used
the Rev7®'?** mutation that prevents homodimerization (20).
Importantly, although a previous structure of Rev7R'?*/Rev3-
RBMI1 [PDB ID code 3ABD (21)] was used for molecular re-
placement, Rev3-RBM1 was omitted. Still, the resulting map
showed well-defined electron density corresponding to the Rev3—
RBM2 peptide bound to Rev7 (§I Appendix, Fig. S14).

Our structure shows Rev7®'*** in the closed conformation
with Rev3—-RBM?2 bound underneath the safety-belt loop of Rev7
(Fig. 1B, green/orange). It has a 1.28-A backbone rmsd against
Rev7?'?*4/Rev3-RBM1 [PDB ID code 3ABD (21)] over residues
13-205 (Fig. 1B, gray) but with one difference. In the safety-belt
region on Rev7 at residues 163-166, our structure shows a p-strand
leading into a B-turn (Fig. 1B, green) whereas previous structures
were either missing density (Fig. 1B, gray) (21) or modeled the
density as an a-helix (28, 29). With respect to Rev3, despite vari-
ation in sequence (Fig. 1C), Rev3-RBM1 and Rev3-RBM2 adopt
nearly identical conformations when bound to Rev7 (Fig. 1D).
Overall, our analysis verifies that Rev3-RBM2 (22) is a bona fide
Rev7 interaction motif.

Rizzo et al.
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Rev7 Uses a Conventional HORMA Interface for Homodimerization.
Previously, Hara et al. (20) showed that wild-type Rev7 (Rev7™ ')
undergoes dimerization by the analysis of sedimentation
equilibrium data. We confirmed this by dilution isothermal titration
calorimetry (ITC) measurements resulting in a Ky of 1.9 pM for the
Rev7W™T dimer (SI Appendix, Fig. S24). However, Rev7™V7'/
Rev3-RBM1 failed to crystallize, unlike Rev7R!?*4/Rev3-RBM1
which harbors a dimer-breaking mutation (20) and displays no
heat change attributed to dimerization in the dilution ITC ex-
periment (SI Appendix, Fig. S24). We attempted to determine the
structure of the Rev7 dimer but only obtained crystals of Rev7WY/
Rev3-RBM2 that diffracted to 2.80 A under high-salt conditions
where the protein crystallized as a monomer (SI Appendix, Table
S1, PDB ID code 6BI7). This is not unexpected, considering that
the R124A mutation that abolishes electrostatic interactions of the
arginine side-chain prevents the formation of the dimer (20). Our
structure of Rev7™'/Rev3-RBM2 shows no substantial differences
from structures of Rev7®'**4/Rev3-RBMI (21) or Rev7®'?**/Rev3-
RBM2 (SI Appendix, Fig. S1B).

To map the Rev7 dimerization interface, we introduced
32 single mutations to solvent-exposed residues and first
determined the oligomeric state using gel filtration chromatog-
raphy (SI Appendix, Table S2). The Rev7/Rev3—-RBM1 complexes
were loaded on a gel filtration column so the concentration of eluted
protein was about 0.3-0.4 mM. Under these conditions, Rev7""/
Rev3-RBM1 and Rev7?'?*4/Rev3-RBM1 elute as distinct peaks
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corresponding to the monomer and the dimer (Fig. 24) (20). Using
this approach, we identified eight mutations (in addition to R124A)
that disrupt the Rev7 dimer: E35A, V39R, K44A, L128A, K129A,
V132A, D134A, and A135D. When mapped onto Rev7®'***/Rev3—
RBM2, these residues form a continuous surface centered on helix
aC (Fig. 2B).

Next, we cross-validated the mutations with a yeast two-hybrid
assay using fusions of Rev7 with the activation domain (AD) and
DNA-binding domain (BD) of the GAL4 transcription factor
(55). As expected, transformation of yeast strain PJ69-4A
with plasmids encoding AD- and BD-fused Rev7™" resulted in
growth on medium lacking adenine, histidine, leucine, and
tryptophan (—AHLW plates) (Fig. 2C, Top and SI Appendix, Fig.
S2B), indicating that this assay is sensitive to formation of the
Rev7 dimer. In contrast, yeast did not grow on —AHLW plates
when cells were transformed with AD-fused Rev7™ ™ and BD-
fused Rev7™T despite the presence of viable transformants on
plates lacking leucine and tryptophan (—LW plates), suggesting
that all mutations abolished Rev7 dimerization (Fig. 2C, Top and
SI Aggendw, Fig. S2B). In the reverse orientation (AD-fused
Rev7™T, BD-fused Rev7™"™), the mutations K44A, R124A,
K129A, D134A, and A135D abolished the interaction, while the
mutations E35A, V39R, L128A, and V132A permitted growth
on —AHLW plates (Fig. 2C, Top). A possible explanation for this
discrepancy is the difference in the number of mutations per
Rev7 dimer. During the gel filtration analysis, both copies of
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filtration profiles of the monomeric Rev7®'2**/Rev3-
RBM1 (green) and dimeric Rev7"VT/Rev3-RBM1 (pur-
ple) complexes; gel filtration profiles for additional
Rev7 mutants which had no effect (I1110R) or broke
the dimer (A135D) are pictured in lighter shades. (B)
Rev7 residues whose mutation abolishes dimerization
(green) mapped on our structure of Rev7?'2*/Rev3-
RBM2, outlining the Rev7 dimerization interface. Res-
idues on helix aC are marked with an asterisk. (C)
Yeast two-hybrid studies of Rev7 homodimerization
(Top) and its heterodimerization with Mad2 (Middle)
or p31°™et (Bottom): growth on —LW and —AHLW
plates of the PJ69-4A strain of yeast transformed with
fusions to the GAL4-BD or GAL4-AD as indicated. (D)
Homo- and heterodimerization interface of other
HORMA domains (47-49, 54). All structures appear in
the same orientation as in C, and residues on helix «C
are labeled.

Atg13 interface to
bind Atg101
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Rev7 harbored a dimer-breaking mutation, whereas during
the yeast two-hybrid assay only one protomer contained
the mutation.

Overall, our analyses show that Rev7 homodimerization is
mediated by the interface centered around helix «C. This is the
canonical interface responsible for homo- and heterodimeriza-
tion of other HORMA proteins (Fig. 2D) (47-49, 54), providing
us with confidence in the identification of this region.

Rev7 Interacts with Mad2 and p31°°™* Through the Dimerization
Interface. Capitalizing on our analysis of Rev7 homodimerization,
we used the yeast two-hybrid assay to probe heterodimerization of
Rev7 with two other HORMA domains, Mad2 and p31°°™,
Consistent with the previous report of a Rev7/Mad2 interaction
(36), growth on —LW and —AHLW plates was observed in both
orientations when yeast strain PJ69-4A was transformed with
Mad2 and Rev7™" (Fig. 2C, Middle and SI Appendix, Fig. S2C).
We then tested our dimer-breaking mutations (SI Appendix, Table
S2) to determine whether the homodimerization interface in
Rev7 mediates this interaction. In one orientation (AD-fused
Rev7™™™ BD-fused Mad2), all mutations broke the interaction.
In the reverse orientation (AD-fused Mad2, BD-fused Rev7™*™),
K44A, R124A, and A135D broke the interaction, while the
remaining mutations still grew on —AHLW plates (Fig. 2C, Middle
and SI Appendix, Fig. S2C). The overlap in mutations that broke
the Rev7 homodimer (Fig. 2C, Top) and Rev7/Mad2 heterodimer
(Fig. 2C, Middle) in this orientation is likely not a coincidence but
instead reports on the relative contributions of these residues to
the binding energy.

To date, no interaction has been reported between p3 and
Rev7, although a crystal structure of the p31°°™*/Mad2 HORMA
heterodimer is available (49). Considering the tendency of
HORMA domain proteins for heterodimerization, we investigated
whether Rev7 binds p31°°™*" and observed an interaction between
AD-fused p31°™" and BD-fused Rev7™ " (Fig. 2C, Bottom and SI
Appendix, Fig. S2D). The growth on —AHLW plates for Rev7™ '/
p31°™! transformants appears to be less robust than for Rev7™"/
Mad2 or Rev7"" dimer, indicating a weaker interaction. We then
tested the mutations to the Rev7 dimer interface (SI Appendix,
Table S2) and found that all mutations broke the interaction be-
tween AD-fused p31°°™" and BD-fused Rev7™ ™ (Fig. 2C, Bottom
and SI Appendix, Fig. S2D).

Overall, our data corroborate the interaction between Rev7
and Mad2 (36), which we mapped to the Rev7 homodimerization
interface. In addition, we identified an interaction between
Rev7 and p31°°™* through the same interface. These results
demonstrate that Rev7 uses the dimerization interface for in-
teraction with other HORMA domain proteins.

1comet

Two Copies of Rev7 Can Bind Adjacent Sites on Rev3 and Form a
Tethered Dimer. Because Rev7 is an interaction module, the
number of Rev7s in Pol¢ and its oligomeric state will have im-
plications for assembly of the TLS machinery. Therefore, we set
out to determine if both Rev7-binding sites on Rev3 can be si-
multaneously occupied and, if so, to test whether these tethered
Rev7s form a dimer. Specifically, we used a fragment (Rev3-
RBM12, residues 1871-2014) that includes both RBMs, which
likely mimics the interaction with full-length Rev3 because both
RBMs are located within a disordered region ~200 residues away
from the nearest structured domain. Since RBM1 and RBM2 are
separated by ~90 residues, one might assume there are no
constraints preventing Rev3 from binding a Rev7 dimer. On the
other hand, the Rev7 homolog Mad2 does not form a symmetric
homodimer between two protomers that are similarly bound by
two sites on Madl (46-48). Instead, Mad1-bound closed Mad2
interacts with an open apo-Mad2, promoting the open-to-closed
transition and interaction with Mad1, followed by dissociation of
the dimer (46). With this in mind, we investigated the stoichi-
ometry of the Rev3/Rev7 interaction and asked whether
Rev7 exhibits behavior similar to that of Mad2.

E8194 | www.pnas.org/cgi/doi/10.1073/pnas.1801149115

Rev7VT/Rev3-RBM12 elutes as a single peak from a gel fil-
tration column at a volume consistent with a 2:1 stoichiometry
(Fig. 34, purple), and an SDS gel shows two proteins of the
expected size in the peak fraction (Fig. 34, Inset). We then in-
troduced a double mutation, P1880A/P1885A, to knock out Rev3—
RBM1, which shifted the elution volume (Fig. 34, orange) to nearly
the volume of monomeric Rev7R'***/Rev3-RBM2 (Fig. 34, green)
when loaded at low concentration to preclude intermolecular
Rev7 dimerization (SI Appendix, Fig. S34). Still, an SDS gel
of the mutant shows two bands corresponding to Rev7 and
Rev3-RBM12P1880A/PIEE3A chelyting,
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Fig. 3. Two copies of Rev7 bind Rev3 and form a tethered dimer. (A) Gel
filtration profiles of Rev7"T/Rev3-RBM12 (purple), Rev7"T/Rev3-
RBM 12P1880AP1885A (5range), and Rev7R'2*4/Rev3-RBM2 (green) suggesting a
2:1 stoichiometry for the Rev7:Rev3 interaction. Each curve was normalized to
its maximum absorbance. (Inset) An SDS gel of the Rev7*V"/Rev3-RBM12 peak
fraction with the two bands corresponding to Rev7 (Upper) and Rev3-RBM12
(Lower). (B) SAXS scattering curves of Rev7*/"/Rev3-RBM12 (purple), Rev7®12%y
Rev3-RBM12 (green), and Rey7XK#ARI24AA135D/Ray3_RBM 12 (brown) at low q.
The first points from the scattering intensities were aligned to highlight the
effect of the mutations on the shape of the curve. (C) P(r) distributions in-
dicating that the dimer-breaking mutations elongate the complex.
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Furthermore, we collected small-angle X-ray scattering (SAXS)

measurements (SI Appendix, Fig. S3B and Table S3) on Rev7™"/
Rev3-RBM12 and calculated a mass consistent with a 2:1 stoi-
chiometry (68.8 + 0.6 kDa vs. theoretical 68.4 kDa) (S Appendix,
Fig. S3C, Left). We also collected SAXS measurements on
Rev7R12*4/Rev3-RBM12, which is unable to form an intermo-
lecular Rev7 dimer, resulting in a mass of 72.5 + 4.2 kDa (S7
Appendix, Fig. S3C, Right). This eliminates the possibility of a
2:2 complex held together by Rev7 dimerization. Taken together,
the data indicate both Rev7-binding sites on Rev3 can be occupied
simultaneously.

To address whether the two Rev7s tethered by Rev3 form a
dimer, we collected SAXS measurements on Rev7"'/Rev3-
RBMI12 and two complexes harboring one or three dimer-
breaking mutations (Rev7R®!'?*4/ or Rey7K44A-RIZAALSD Rey3_
RBM12) (SI Appendix, Figs. S3 and S4). Because SAXS can
report on molecular shape, we reasoned that if Rev7 forms a
tethered dimer, then mutating the dimer interface will alter the
shape of the complex, and the inverse. Consistent with a
Rev7 dimer, the mutations altered the scattering intensity at low q
where the data are sensitive to larger-scale structural perturba-
tions (Fig. 3B and SI Appendix, Fig. S3D). As expected, the pair-
distance distribution functions [P(r)] show the effect of the mu-
tations was to expand the complex (Fig. 3C and SI Appendix, Fig.
S4 B-D). Interestingly, the P(r) distributions point to a more
extended conformation for Rev7X44A-RIZAAAISD thap for
Rev7?'?*A when in complex with Rev3-RBM12 (Fig. 3C), sug-
gesting the two Rev7 protomers are more accessible to each other
when tethered and may retain residual interaction resulting in a
fraction of Rev7™'?*4/Rev3-RBM12 sampling a dimeric state. In
agreement with a mutation-induced increase in flexibility, the
density of the complex with Rev3—-RBM12 decreased from
1.03 g/em?’ for Rev7™ ! 10 0.92 g/em® for Rev7®'*** and 0.85 g/em’®
for Rev7XH“ARIZAALSD (g1 fpnendix, Table S3) (56).

To illustrate that neither the mutations themselves nor
protomer-level conformational changes explain the mutation-
induced variations in the SAXS data g ig. 3B), we determined a
crystal structure of Rey7¥#A-RIZAAISDIRey3_RBM2 (PDB ID
code 6BCD) (SI Appendix, Fig. S54 and Table S1) and simulated
SAXS data for this structure and the structures of Rev7:!'244/
Rev3-RBM2 and Rev7WT/Rev3-RBM2, which resulted in
identical scattering intensity profiles at low q (ST Appendix, Fig.
S5 B and C vs. Fig. 3B). Furthermore, we collected 'H-BN
heteronuclear single-quantum correlation (HSQC) NMR spec-
tra of Rev7X#ARIZAAD Rey3 RBM2 and Rev7R!'?*4/Rev3-
RBM2, which confirmed the lack of mutation-induced confor-
mational changes (SI Appendix, Fig. S5D).

Finally, to cross-validate the formation of a tethered dimer, we
collected 'H-'"N HSQC spectra on Rev7™"/ and Rev7®!***/
Rev3-RBM12 (mass 68 kDa) (SI Appendix, Fig. S6). The
Rev7WT/Rev3a-RBM12 spectrum displays little to no peak in-
tensity for structured protein residues, consistent with slow
tumbling of the Rev7 dimer that behaves as a single entity. When
the R124A mutation is introduced to the dimer interface, which
should loosen the tethered dimer, the spectrum improves,
reflecting faster tumbling of independent Rev7 protomers con-
nected by a flexible linker.

Overall, the data indicate that two copies of Rev7™" can bind
Rev3, where they form a tethered dimer.

Tethered Rev7 Dimer Retains Interaction with Rev1-CT but Does Not
Bind Rev1-PAD. After identifying the second Rev7 interaction
motif on Rev3, Tomida et al. (22) proposed a model in which
Rev7 mediates a bivalent interaction with Revl by binding
Revl-CT (27-29) and Rev1-PAD (31). We tested this model and
determined whether the tethered Rev7 dimer retains the ability to
bind known Rev7 interaction partners. Because Rev7 interacts
with Rev1-CT, which is also known to bind Poln, Pol, Polk, and
PolD3 through a second interface (25-30), the number of Revls
attached to Pol¢ through the Rev7/Rev1-CT interaction will have
implications for assembly of the TLS machinery. With respect to

Rizzo et al.

Rev1-PAD, a previous report using a pull-down assay showed
that yeast Rev7 can bind Revl-PAD (31), although this has
not been confirmed in higher eukaryotes.

Firstf we tested the interaction of human Revl-PAD with
Rev7R1?*4/Rev3-RBM2 by NMR, which can detect weak binding,
We collected "H-">’N HSQC and 'H-">C HMQC spectra of °N- or
SN/ILV-*CH;-labeled monomeric Rev7R!2*4/Rev3-RBM2 with
unlabeled Revl-PAD added to molar excess; however, chemical
shift perturbations characteristic of binding were not observed (SI
Appendix, Fig. S7TA). We next considered the possibility that Rev1-
PAD can interact only with tethered dimeric Rev7 and tested the
interaction of Revl-PAD with Rev7""/Rev3-RBM12 using gel
filtration chromatography; however, the proteins eluted as sepa-
rate peaks despite concentrations of 750 pM and 150 pM, re-
spectively, in the elution fractions, again suggesting a lack of
interaction (SI Appendix, Fig. S7B). Overall, the data indicate
human Rev1-PAD does not interact with Rev3-bound Rev7.

The interaction of human Revl-CT with Rev7*'***/Rev3-
RBM1 has been shown by NMR titrations and ITC from our
laboratory and subsequent crystal structures, which revealed a
1:1 stoichiometry for the Rev7®'***/Rev1-CT complex (27-29).
Here, we found Rev7VT/Rev3-RBM12 still interacts with Revi-
CT, as the complex coelutes from a gel filtration column (SI Ap-
pendix, Fig. S7TC). We further validated this interaction by ITC (Fig.
4), which, surprisingly, indicates that only one copy of Rev1-CT can
bind Rev7""/Rev3-RBM12 despite the presence of two Rev7s (stoi-
chiometry parameter n = 1.2). Notably, the K of 11.4 pM and
association enthalpy (AH) of —42.9 kJ/mol for this complex are
consistent with our previous ITC data for the interaction of
Rev7R'**4/Rev3-RBM1 with Revl-CT (K4 = 1.3 yuM, AH =
—39.2 kJ/mol) (27), indicatin% that the same heat is released when
Rev1-CT binds to the Rev7*™*** monomer or the Rev7™ " dimer.

6.0
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3 Rev7"T
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£ 4.0+ revicT @)
E +Rev
-
[+
7]
=
- -
o 2.0
]
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Fig. 4. ITC measurements suggest only one copy of Rev1-CT can bind the
Rev7"T dimer when tethered by Rev3-RBM12. (A) Raw ITC data and (B) in-
tegrated heat changes obtained during titration of Rev1-CT into Rev7"/T/Rev3-
RBM12. The best fit to the ITC data (solid line) results in a K4 of 11.4 + 1.9 uM,
AH of —42.9 + 1.4 ki/mol, and stoichiometry parameter (n) of 1.24 + 0.02.
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Model of the Rev7 Dimer Suggests 2:1 Stoichiometry for the Rev7:
Rev1-CT Interaction. To confirm and understand the 2:1 stoichiometry
of the Rev7:Revl interaction when Rev7 is forming a tethered
dimer in Pol¢, we modeled the structure of the Rev7" /Rev3-RBM2
dimer using HADDOCK (57) with the dimer-breaking mutations
described above as input (Fig. 2B and SI Appendix, Table S2). The
resulting 200 models of the Rev7"'/Rev3—-RBM2 dimer were
all grouped into a single cluster by HADDOCK and show the
two Rev7 protomers in an antiparallel orientation with the C
terminus of helix «C forming the core of the interface (Fig. 54,
Upper). Encouragingly, the lowest-energy structure of the Rev7™/
Rev3-RBM2 dimer exhibits remarkable similarity to the symmetric
apo-Mad?2 dimer (Fig. 54, Lower) (48), providing us with confidence
in our model.

To cross-validate our model, we collected SAXS/WAXS (wide-
angle X-ray scattering) data on the dimeric Rev7"'/Rev3-
RBM?2 construct and compared the experimental scattering with
our model of the dimer (Fig. 5B and SI Appendix, Fig. S8).
Agreement was observed up to q = 0.16-0.18-A™", suggesting our
model captures the shape of the complex. To rationalize the dis-
crepancy at higher g we also collected SAXS/WAXS data on
monomeric Rev7R®'?**/Rev3-RBM2 and predicted data based on
our crystal structure (Fig. 1B, green/orange), resulting in the same
level of agreement up to q = 0.16-0.18-A~" (Fig. 5C). This dis-
crepancy at hligh q may be caused by dynamics of Rev7/Rev3 in so-
lution, as a "H-"N HSQC spectrum of Rev7R!***/Rev3-RBM2
contains ~25% fewer peaks than expected, presumably due to

microsecond-millisecond exchange line-broadening (SI Appendix,
Fig. S5D). Another possible explanation is sensitivity of SAXS
curves for Rev7"T/Rev3-RBM2 to the presence of a small frac-
tion of Rev7 monomers; however, modeling the volume fraction
of dimers using the program Oligomer (58) and molecular weight
calculations (S Appendix, Table S3 and Fig. S8) suggest an
almost homogeneous solution of Rev7"'/Rev3-RBM2 dimers.

With respect to the Rev7:Revl stoichiometry, superposition of the
crystal structure of Rev7*'**4/Rev3-RBM1/Rev1-CT (29) onto our
model of the Rev7 dimer reveals a steric clash between the two
Rev1-CT domains (Fig. 5D), providing an explanation for the 2:1
Rev7:Revl stoichiometry observed by ITC: Once the first Revl-CT
domain binds the Rev7 dimer, binding of the second is occluded by
the first. Furthermore, superposition of the Rev722*4/Rev3-RBM1/
Rev1-CT structure (29) onto the dimer structures formed by other
HORMA proteins, including the symmetric apo-Mad2 homodimer
(48), p31°™*/Mad2 heterodimer (49), open/closed Mad2 dimer
(47), and Atgl3/Atgl01 heterodimer (54), resulted in steric clash
between the two Revl-CT in all cases (SI Appendix, Fig. S9).

Taken together, our ITC data for the Rev7™ '/Rev3-RBM12-
Revl-CT interaction (Fig. 4) and structural model for the
Rev7VT/Rev3-RBM2 dimer (Fig. 5) provide evidence that the
Rev7 dimer can bind only one copy of Revl-CT.

The Rev7 Dimerization Mutant Is Unable to Restore Cisplatin Resistance
of Rev7~'~ Cells. Given the role of Rev7-mediated interactions in
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Fig. 5. Structural modeling of the Rev7 dimer and
T its complex with Rev1-CT. (A) Model of Rev7"//

0.0 0.2
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q (A7)

Rev3-RBM12
Rev7WT

Ll

0.4 0.6 Rev3-RBM2 (purple) obtained using HADDOCK (57)
based on mutational mapping of the Rev7 di-
merization interface and its comparison with the
structure of the symmetric apo-Mad2 dimer (PDB ID
code 3VFX) (cyan) (48). Asterisks denote the N
terminus of helix «aC to demonstrate alignment. (B)
Agreement between SAXS/WAXS scattering data
(black dots) and scattering intensities calculated
from the model of Rev7"V"/Rev3-RBM2 dimer in A
using FoXS (68). (C) Comparison of experimental
SAXS/WAXS data with scattering data predicted
from our crystal structure of the Rev7"'?*/Rev3-
RBM2 complex using FoXS (68). Insets in B and C
show low-q regions in plots. (D) Structure of Rev7R'24A
(purple)/Rev3-RBM1 (orange)/Rev1-CT (yellow/red)
(29) superimposed on our model of the Rev7 dimer
generated using HADDOCK (57) shown in A. The
Rev7 dimer is unable to bind a second Rev1-CT due
to a steric clash.
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the assembly and function of Pol¢ (7-10), we were interested
in whether Rev7 dimerization has a functional significance in DNA
damage tolerance. To address this, we used a Rev7-knockout
cell line developed by F.-M.V. (59). This cell line was generated
using the CRISPR/Cas9 system in the KrasS'?”*;Trp537~ (KP)
lung adenocarcinoma cell line background (60), which is a murine
model for human nonsmall cell lung cancer that is intrinsically
resistant to front-line chemotherapeutics such as cisplatin (61).
The resulting Rev7 ™/~ cells were more sensitive to the DNA
cross-linking agent cisplatin and showed reduced viability compared
with the parental cell line (Fig. 6, gray vs. black). To test whether
the sensitivity to cisplatin is contingent upon Rev7 dimerization, the
Rev7 ™~ cells were complemented with either Rev7™T or the
triple dimer interface mutant Rev7<#/RIZAALSD “while com-
plementation with Rev7™" restored resistance to cisplatin,
complementation with Rev7<*ARIZAALSD wag ynable to rescue
the sensitized phenotype (Fig. 64, purple vs. brown) despite the
appearance of stably expressed protein by Western blot (Fig.
6B, brown). Overall, the data indicate that interactions medi-
ated by the Rev7 HORMA dimerization interface are required for
cell viability after treatment with cisplatin.

Discussion

The TLS DNA polymerases Revl, Poln, Pol, Polk, and Pol¢ are
recruited to replication-blocking DNA lesions and assemble into a
multiprotein complex that enables DNA synthesis (7-10). The B-
family polymerase Pol{ participates in TLS by extending from the
aberrant primer—template junction after another TLS polymerase
has inserted a nucleotide opposite the lesion (7, 8, 14). The subunit
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Fig. 6. Interactions of the Rev7 dimer interface are required for resistance
to cisplatin. (A) Relative viability of the parental Kras®'2®;p53~/~ cells (black),
Rev7~'~ cells (gray), Rev7~'~ cells complemented with Rev7"'T (purple), and
dimerization-deficient Rev7K4AR1Z4AATISD (a5 (brown) after treatment
with cisplatin for 48 h. (B) Western blot showing knockout of Rev7 (gray) and
expression of Rev7""T (labeled in purple) and Rev7X44AR124AA135D (|5peled in
brown) during complementation. In the lane marked “MW ladder,” the
black marker bands were traced by hand with marker.
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composition of Pol¢, which had been known as a complex of the
catalytic Rev3 and accessory Rev7 subunits (12), was recently re-
vised after several groups discovered that Pol contains two addi-
tional subunits, PolD2 and PolD3 in humans or Pol31 and Pol32 in
yeast, that are bound through interaction with the C-terminal do-
main of Rev3 (14-18). The latter two subunits are known subunits
of the replicative DNA polymerase Pold (19), suggesting that
Pol¢ has an architecture typical for B-family polymerases. On
the other hand, Rev7, which is a HORMA domain protein (21),
is a unique component of Pol{ with no analogs in other DNA
polymerases.

One function of Rev7 is to bridge Pol{ with other TLS poly-
merases through interaction with the scaffold protein Revl (4, 5,
25-30). With this in mind, a recent study from Tomida et al. (22)
that revealed a second Rev7 interaction motif on human Rev3
(RBM2) in proximity to the previously described Rev3-RBM1 (20)
raised several questions about the assembly and stoichiometry of
the TLS machinery. The authors proposed a model in which both
Rev7 interaction sites can be occupied simultaneously by two
copies of Rev7, whose function is to mediate a bivalent interaction
with two binding modules on Revl (Revl-PAD and Revl-CT).
Noting that, like other HORMA domain proteins (47-49, 54),
Rev7 is prone to dimerization (20), we tested this model and
addressed whether Rev7 can bind to both sites on Rev3 and form
a dimer in the context of Pol¢ and whether the presence of two
copies of Rev7 affects the interaction of Pol{ with Revl.

We confirmed the second RBM on Rev3 and showed that both
Rev3-RBMs can be occupied by two Rev7s at the same time,
suggesting a 2:1 Rev7:Rev3 stoichiometry. Thus, human Pol{ in-
cludes two copies of Rev7, resulting in a five-subunit complex. When
tethered together, these two Rev7s form a homodimer through the
canonical HORMA interface (47-49, 54). However, we were unable
to detect an interaction between human Rev7 and Rev1-PAD that
was shown in yeast by pull-down (31). Instead, our binding studies
and structural modeling revealed that the tethered Rev7 dimer is
still able to interact with Rev1-CT but with only a single copy. This
suggests a 1:1 stoichiometry for assembly of the human Rev1:Polg
complex. Beyond studying the role of Rev7 dimerization in Revl/
Pol¢-dependent TLS, we also established that Rev7 uses its di-
merization interface for interaction with other HORMA domains,
Mad2 and p31°°™, Importantly, we also demonstrated that the
intact Rev7 dimerization interface is functionally significant in vivo,
as it is required for cell viability after cisplatin treatment.

Our study raises questions about the mechanistic role of human
Rev7 dimerization. One consequence of tethering two Rev7s by
the high-affinity interaction sites on Rev3 is strengthening of the
Rev7 dimer interaction relative to that of unbound Rev7. This will
reduce the access of other Rev7 interaction partners that use the
dimerization interface in a bimolecular interaction, such as other
HORMA proteins, which often form heterodimers through the
homodimerization interface (36, 47-49, 54). Given the multiple
functions of Rev7 (14, 35-39, 41), the formation of a tight Rev3-
tethered Rev7 dimer in the context of Pol{ may act as a mecha-
nism to separate the functions of Rev7 by hiding the Rev7 di-
merization interface from its interactors from other pathways. In
line with this thinking, Rev7 is three orders of magnitude more
abundant than Rev3 in human (293T) cells (22) and thus is mostly
bound to other proteins. Here, we confirmed the interaction of
Rev7 with Mad2 (36) and showed that it occurs through the ca-
nonical HORMA dimerization interface. Considering the role for
Rev7 in the metaphase-to-anaphase transition (35) and the role of
Mad?2 as the spindle checkpoint (62), based on our model, a mi-
totically relevant Rev7/Mad2 interaction would be disfavored
through tethering of the two subunits when Rev7 is participating
in TLS. Thus, homodimerization of Rev7 may serve to protect the
functional Rev1/Pol¢ TLS complex.

We have also demonstrated that Rev7 uses its dimerization
interface to bind another HORMA protein, p31°°™, which plays
a role in the disassembly of the mitotic checkpoint complex by the
AAA+ ATPase TRIPI3. In this process, p31°°™" recognizes a
target HORMA protein (Mad2) and brings it in contact with
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TRIP13, which catalyzes the closed-to-open conversion (50-53).
Given the similarity between Mad2 and Rev7 (MAD2L?2) (36) and
that both Mad2 and Rev7 interact with p31°°™" through a con-
served HORMA dimerization interface (49), one might hypoth-
esize that p31°°™" and TRIP13 also participate in the active
opening of Rev7 and its dissociation from Rev3. In this case,
Rev3-mediated Rev7 dimerization would interfere with a Rev7/
p31°°™" interaction and thus would prevent premature unloading
of Rev7 and deactivation of PolC. In this regard, one should note
that Rev7 and Mad2 exhibit differing behavior: The two Rev3-
bound closed Rev7s interact to form a dimer, whereas Madl-
bound closed Mad2 interacts with ligand-free open Mad?2 to fa-
cilitate ligand uptake accompanied by the conformational change
and dissociation of the dimer (46-48).

Finally, this study demonstrates that the Rev7 dimerization
interface is required for cell viability after treatment with cisplatin,
although the mechanism is unresolved. Presumably, the loss of
Rev7 dimerization affects Pol( activity and sensitizes cells to cis-
platin because Pol{ participates in TLS across cisplatin DNA
adducts (18) and repair of cisplatin DNA interstrand cross-links
(32). However, the sensitization cannot be deductively attributed
to a loss of Rev7 dimerization in Poll, as Rev7 contributes to
pathway choice for the repair of double-strand breaks (38, 39)
and potentially functions in mitosis (35). A global loss of the
Rev7 dimerization interface may also operate in other contexts,
including those with Mad2 or p31°™", For example, one might
envision a scenario in which the dimerization-deficient Rev7
mutants cannot be unloaded from their partner proteins by TRIP13
through interaction with p31°°™, resulting in a decrease in Rev7
available for interaction with Rev3.

In summary, this study yields insights into the role of
Rev7 dimerization in mediating the assembly of the TLS ma-
chinery and the interactions of Rev7 with HORMA proteins
from other cellular pathways. How and whether dimerization
affects other functions of Rev7 in cell-cycle control (35) or the
repair of double-strand breaks (38, 39) and any cross-talk be-
tween these functions and TLS remain to be determined.

Methods

Subcloning and Mutagenesis. Subcloning and mutagenesis were carried out
using standard molecular biology techniques. The pETDuet-1 (Novagen)
based construct for coexpression of human Rev7R?'?** with the Rev3-
RBM1 fragment (the first RBM, Rev3'847-18%) (20) was used as a template to
design corresponding constructs for coexpression of Rev7®'2*A with other
Rev3 fragments, including Rev3-RBM2 (the second RBM, Rev3'988-2014) (22)
and Rev3-RBM 12 (a fragment containing two consecutive RBMs, Rev3'871-2014),
New fragments were introduced by PCR amplifying codon-optimized
Rev3 from a custom-ordered gBlock Gene Fragment (Integrated DNA
Technologies) using Q5 DNA polymerase (New England Biolabs), followed by
ligating the digested product into the Ndel/Xhol restriction enzyme (Thermo
Fisher) sites of pETDuet-1 with T4 DNA ligase (New England Biolabs).
Mutations in the Rev7 and Rev3 genes were introduced using the modified
inverse PCR procedure (63) without DPN1 digestion. After generating linear
double-stranded DNA by amplification of the plasmid with Q5 DNA poly-
merase (New England Biolabs) using an extension time of 4 min, 2 pL of the
PCR mixture was phosphorylated in a 25-pL reaction with T4 polynucleotide
kinase (New England Biolabs) in T4 DNA ligase buffer. After heat in-
activation, 3.5 pL of the phosphorylation mixture was ligated at room
temperature for 30 min using T4 DNA ligase (New England Biolabs) in a
20-pL reaction and transformed into Top10 cells (Thermo Fisher). The correct
nucleotide sequence was confirmed in all cases by sequencing (Genewiz).

Protein Expression and Purification. All Rev7 complexes with Rev3-RBM
fragments were expressed from pETDuet-1 (Novagen) constructs described
above (20). Rev1-CT and Rev1-PAD domains were expressed from pET28b*
(Novagen) constructs described elsewhere (26). All proteins demonstrated
excellent stability and were expressed and purified following a standard
protocol. In brief, Escherichia coli BL21(DE3) cells were transformed with the
plasmid encoding the protein(s) of interest, and bacteria were grown to
midlog phase and then induced overnight with 1 mM isopropyl p-d-1-
thiogalactopyranoside (IPTG) at 20 °C. When necessary for NMR, "5N-labeled
proteins were produced by growing bacteria in M9 minimal medium con-
taining 1 g/L ">NH,CI. lle, Val, and Leu ILV-CH; labeling was achieved by
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adding 70 mg/L a-ketobutyrate and 120 mg/L a-ketoisovalerate precursors 1 h
before induction. The following morning, cells were spun down in an F105-6 x
500y rotor for 10 min at 6,000 rpm. The cell pellet was resuspended in the lysis
buffer consisting of 50 mM sodium phosphate, 300 mM NacCl, and 10 mM
imidazole at pH 8 and was lysed by sonication. The lysate was then centri-
fuged in an SS-34 rotor for 45 min at 18,500 rpm, and the supernatant was
filtered through a 0.45-uM PVDF membrane directly into TALON cobalt resin
that was equilibrated with lysis buffer for purification using the Hisg affinity
tag. The column was run by gravity flow and was washed extensively with lysis
buffer, and the protein was eluted using the elution buffer consisting of
50 mM sodium phosphate, 300 mM NaCl, and 300 mM imidazole at pH 8. The
proteins were then purified by gel filtration chromatography on a HiLoad 16/
600 Superdex75 pg column (GE Healthcare). During this step, the proteins
were exchanged into their final buffers as noted. Proteins were concentrated
using Amicon Ultra Centrifugal Filters (Millipore) when necessary.

The interaction of Rev7 with Rev3-RBM2 and Rev3-RBM12 was assessed by
coexpressing the two proteins using pETDuet-1 and coeluting the complex on
a gel filtration column. After SDS gels of the peak fractions showed that two
proteins corresponding to Rev7 and either Rev3-RBM2 or Rev3-RBM12 had
eluted together, the identity of Rev3-RBM2 and Rev3-RBM12 was further
confirmed by in-gel trypsin digestion and LC-MS/MS.

Protein Crystallization, X-Ray Data Collection, and Structure Determination.
Rev7R'2%A/Rev3-RBM2, Rev7K4AR124AA135DRay3 RBM2, and Rev7"V'/Rev3-
RBM2 were exchanged into 5 mM Hepes, 100 mM NacCl, and 10 mM DTT at
pH 7.4 (20) by gel filtration and concentrated to 45 mg/mL, 45 mg/mL, and
60 mg/mL, respectively. In all cases, diffraction-quality crystals were obtained
by vapor diffusion in hanging-drop format at 16 °C when protein solution
was mixed at a 1:1 ratio with reservoir solution in 4-uL drops. For Rev7R'2%%/
Rev3-RBM2, the reservoir solution consisted of 100 mM sodium acetate,
200 mM NacCl, and 1.4 M ammonium sulfate at pH 5.0, and crystals were
flash frozen in the reservoir solution containing 20% (vol/vol) PEG400. For
Rev7K44ARI24AAI35DRay3_RBM2, the reservoir solution contained 100 mM
citrate and 1.6 M ammonium sulfate at pH 5.25, and crystals were frozen in
the reservoir solution containing 20% (vol/vol) sucrose. For Rev7VT/Rev3-
RBM2, the reservoir solution contained 100 mM citrate, 1 M LiCl, and
7.5% (wt/vol) PEG6000 at pH 4.75, and crystals were frozen in the reservoir
solution containing 20% (wt/vol) sucrose.

X-ray diffraction data were collected at the Cornell High Energy Syn-
chrotron Source (CHESS) F1 beamline using a Pilatus 6M detector at a
wavelength of 0.976 A. For all structures, 360 frames were collected in 0.5°
wedges with a collection time of 3-6 s per image over a total range of 180°.
Data were processed using the HKL-2000 package (64). The structures were
solved by molecular replacement using the previously reported structure of
Rev7R12%4/Rev3-RBM1 (21) with the program Phaser (65) and were refined
by iterative cycles of model building and refinement with Coot and Refmac
(as part of the CCP4i2 package) (66).

The details of data collection and structure refinement statistics are
summarized in S/ Appendix, Table S1. Structures were deposited in the PDB
with ID codes 6BC8, 6BCD, and 6BI7.

SAXS. SAXS measurements were collected on Rev7®'?**/Rev3-RBM2, Rev7"V/
Rev3-RBM12, Rev7"'?**/Rev3-RBM12, and Rev7<#AR129AA13DRey3 REM12
complexes in buffer containing 50 mM Tris, 150 mM NacCl, 10 mM DTT, 1 mM
EDTA, and 5% glycerol at pH 8.4. Measurements for Rev7*/"/Rev3-RBM2 were
carried out in 20 mM Hepes, 10 mM DTT, and 5% glycerol at pH 8.0. Buffers
were matched by loading the proteins on a gel filtration column at a high
enough concentration to ensure the peak fractions would be sufficient to
take for measurement without concentrating. The concentration series for
each construct is listed in S/ Appendix, Table S3. The matched buffer was
taken from buffer that had passed through the column.

SAXS data collected for the above samples are summarized in S/ Appendix,
Table S3. Ten 1-s exposures were collected with the sample oscillating in the
capillary flow-cell at the CHESS G1 station. The data were integrated, av-
eraged, buffer subtracted, and subjected to Guinier analysis to determine
the gyration radius (Rg) and forward scattering [I(0)] using the software
RAW (67). To calculate the molecular weight of the complexes using the
forward scattering, human PCNA was used as a standard. For all samples, the
Ry and molecular weight were consistent across concentrations, indicating
concentration-dependent effects were not present (S/ Appendix, Table S3).
The P(r) function was calculated using the software GNOM as part of the
ATSAS suite (58). Real-space values for Ry and 1(0) derived from the P(r)
analysis are in agreement with the values derived from the Guinier analysis
and also show no concentration dependence except, as expected, in the case
of Rev7VT/Rev3-RBM2 (S/ Appendix, Table S3).
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To simulate SAXS curves from the Rev7/Rev3 coordinate files, the FoXS
server was used with default parameters (68). Similar results were obtained
with AXES (69). When simulating the SAXS data, residues at the N and C
termini of Rev7 that were missing in the crystal structures were built in an
extended conformation.

NMR Spectroscopy. 'H-'>N HSQC spectra of '°N-labeled Rev7*'/Rev3-RBM12
and Rev7R'2*4/Rev3-RBM12 (S/ Appendix, Fig. S6A) were collected at 30 °C on
an Agilent VNMRS 800 MHz ('H) spectrometer equipped with a cold probe on
protein samples dissolved in 20 mM Tris, 100 mM NaCl, and 10 mM DTT, pH 8.4,
at a Rev7 monomer concentration of 240 pM. Spectra of ">N-labeled Rev7R'244/
Rev3-RBM2 and Rev7K#ARIZAAATISDRay3_RBM2 (S/ Appendix, Fig. S5D) were
collected at 30 °C in 20 mM Hepes, 100 mM NacCl, and 10 mM DTT, pH 7.4. To
probe the Rev7/Rev1-PAD interaction, unlabeled Rev1-PAD was added to
"5N-labeled Rev7?'2*A/Rev3-RBM2 to molar excess (440 uM Rev1-PAD,
260 pM Rev7?'?**/Rev3-RBM2) in 20 mM Hepes, 100 mM NaCl, and 10 mM
DTT at pH 7.4; however, chemical shift perturbations indicating binding were
not observed in the "H-">N HSQC spectra (S/ Appendix, Fig. S6A). Consistent
with the lack of binding, chemical shift changes were not observed in the "H-'3C
HMQC spectra of ILV-"3CHs-labeled Rev7®'?**/Rev3-RBM?2 titrated with unla-
beled Rev1-PAD (SI Appendix, Fig. S6A, Inset). All spectra were processed with
NMRPipe (70) and analyzed using the software CCPNmr Analysis (71).

Mutational Analysis of the Rev7 Dimerization Interface. A series of 32 site-
directed mutations (S/ Appendix, Table S2) were introduced to solvent-
exposed residues covering the entire surface of Rev7. Rev7“T/Rev3-
RBM2 or Rev7™"®"/Rev3-RBM2 was loaded onto a gel filtration column at
~1.5-1.7 mM, resulting in a peak concentration of ~300-400 pM (average of
peak) after elution. At these concentrations, Rev7"V"/Rev3-RBM2 and the
previously described dimer-breaking Rev7%'2**/Rev3-RBM2 mutant (20)
elute as separate peaks at volumes corresponding to the dimer and the
monomer. The oligomeric state of Rev7*V/Rev3-RBM2 and Rev7®'?**/Rev3-
RBM2 was cross-validated by SAXS measurements (S/ Appendix, Fig. S8) here
and by analytical ultracentrifugation previously (20). All mutants identified
in this study as breaking the Rev7 dimer (Fig. 2B) were also cross-validated
with a yeast two-hybrid assay (Fig. 2C and S/ Appendix, Fig. S2B).

Yeast Two-Hybrid Assay. Studies of Rev7 dimerization using the yeast two-
hybrid assay were carried out in yeast strain PJ69-4A (55). DNA encoding
for Rev7 (wild type and/or mutants) was subcloned as fusions of the GAL4
AD and GAL4 BD in pGAD-C1 and pGBD-C1 plasmids marked with leucine
and tryptophan, respectively. Yeast harboring the two plasmids, one
encoding wild-type and another mutant Rev7, were grown at 30 °C for 2 d
in a 3-mL culture lacking leucine and tryptophan and then were spotted on
—LW plates to confirm the presence of viable transformants and on —AHLW
plates to score the interaction (Fig. 2C and S/ Appendix, Fig. S2B). This yeast
two-hybrid protocol was also used to probe interactions between the wild-
type or mutant Rev7 with the wild-type Mad2 and p31°°™¢* (Fig. 2C and S/
Appendix, Fig. S2 C and D).

Docking. Two PDB files of Rev7"V"/Rev3-RBM2 were used as input for the
software HADDOCK (57) in combination with R124A and our eight experi-
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mentally determined dimer-breaking mutations to guide the docking (S/
Appendix, Table S2). For all other parameters, the default setting was used.
The structure used for docking was our 1.68-A structure of Rev7R'?*4/Rev3-
RBM2 with the sequence mutated back to wild type using PyMOL (72). This
was done because our structure of Rev7"V/Rev3-RMB2, while similar to that of
the R124A mutant, is of lower quality, has residues missing, and lacks side-
chain density in loop regions (SI Appendix, Fig. S1). All 200 lowest energy
structures of the dimer calculated by HADDOCK were grouped into a single
final cluster. To assess a possible steric clash that may arise when Rev1-CT
binds to the Rev7"//Rev3-RBM2 dimer, we used the “align” function in
PyMOL (72) to superimpose two copies of Rev7®'2**/Rev3-RBM1/Rev1-CT [PDB
ID code 3VU7 (29)] onto our structure of the Rev7"V"/Rev3-RBM2 dimer pre-
dicted by HADDOCK or other HORMA dimers as noted (Fig. 5D and S/ Ap-
pendix, Fig. $9). The model of the (Rev7*/"/Rev3-RBM2), dimer was deposited
to PDB-dev with ID PDBDEV_00000009.

ITC. ITC measurements were collected on a Nano ITC calorimeter (TA Instru-
ments) at the University of Connecticut Biophysics Core. To study binding of the
Rev7*VT/Rev3-RBM12 dimer and the Rev1-CT domain, 50 uL of 2 mM Rev1-CT
was titrated in 2.5-uL aliquots into a 170-pL solution of 250 pM Rev7 (125 pM
Rev7VT,/Rev3-RBM12) in buffer (50 mM sodium phosphate, 100 mM Nacl,
pH 8.2) at 25 °C. The data were fit with NanoAnalyze software to extract the Ky
for the complex, AH, and stoichiometry parameter (n) (Fig. 4). ITC dilution
experiments for Rev7"/"/Rev3-RBM2 and Rev7®'?*/Rev3-RBM2 were per-
formed by titrating 2.5-pL aliquots of 400 uM protein into 170 pL of buffer
(20 mM Hepes, 100 mM Nadl, pH 7.4) at 20 °C. The data were analyzed to
extract the Kyq and AH for the Rev7 dimer (S/ Appendix, Fig. S2A).

DNA Damage Sensitivity Assay in the Rev7~'~ Cell Line. The Rev7~~;Kras®'?"*;

Trp53~~ cells used in this study were generated by F.-M.V. (59) using the
CRISPR/Cas9 system from the Kras®'?®*; Trp53~~ murine lung adenocarci-
noma cell line kindly provided by Tyler Jack’s laboratory (MIT, Cambridge,
MA) (60). All cell lines were cultured in standard DMEM/10% FBS medium.

To assess cell viability following cisplatin-induced DNA damage, cells were
seeded in triplicate (8 x 10%) in 96-well plates and treated with cisplatin as
indicated. After 48-h treatment, cell viability was assessed using Cell Titer-
Glo (Promega) on an Applied Biosystems microplate luminometer.
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